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While duplication of the genome must be faithfully carried out in proliferating cells, DNA 
damage potentially stall DNA replication machineries and causes cell death or genomic 
instability. To avoid these catastrophic events, when DNA damage is encountered by the 
replication machinery, DNA damage bypass mechanism provides multiple pathways to tolerate 
various types of replication blocking damage. Replicative bypass of DNA lesions occurs via 
translesion synthesis (TLS) by specialized damage-tolerant DNA polymerases. In the other hand, 
template switch (TS), which makes use of information of the newly synthesized sister chromatid, 
provides an error-free damage avoidance. In eukaryotes, these DNA damage bypass pathways 
largely depends on ubiquitination of the replication sliding clamp; proliferating cell nuclear 
antigen (PCNA). In response to DNA damage, mono-ubiquitination of PCNA at a conserved 
lysine 164 (KI64) localize damage tolerant polymerases (such as polη, polκ, polι etc.) for TLS, 
whereas poly-ubiquitination triggers TS pathway. Specific E2-E3 enzyme complexes are required 
to link ubiquitin to PCNA-K164 (Rad6-Rad18 for mono- and Ubc-13- Mms2 for 
poly-ubiquitination). To date, the role of DNA damage bypass pathways during development of 
multicellular organisms and its regulation have not been explored. In this study, using 
Caenorhabditis elegans, I investigated whether PCNA ubiquitination dependent damage bypass 
is uniformly functional during different developmental stages. In addition, to examine in which 
stages of development checkpoint pathways contribute to damage bypass, I investigated how 
these pathways are coordinated with DNA damage checkpoint activation, which also plays a role 
in earlier development. 
Experimental approaches 
To abrogate PCNA ubiquitination (PCNA-ub) in C. elegans, I generated the pcn-1 (K165R) 
mutated C. elegans, in which the lysine residue (corresponds to K164 in yeast, mice, human, etc.) 
was substituted via CRISPR/Cas9 system. Using this mutant worm, I examined activity of DNA 
damage bypass at various stages during C. elegans development. In particular, following 
exposure to UV, influence of DNA damage bypass pathways to hatching rate of eggs, 
developmental variation of larva and progression of meiotic phases were monitored. In addition, I 
also examined genetic relationship of pcn-1(K165R) and mutation in a component of 9-1-1 
complex Hus1, which causes the defect in checkpoint activation. 
 
Conclusion 
To determine the DNA damage sensitivity of this mutant, I first tested the hatching ability in 
the presence of UV or X-ray. Results show that substitution of PCNA K165 results in 
significantly UV induced failure in C. elegans early embryo. In the other hand, functional defect 
of 9-1-1 complex in hus-1 (op241) worms did not affect hatchability. In C. elegans early 
embryogenesis stages, cells do not enables time for activation of checkpoint and repair of DNA 
lesion, thus damage bypass pathway should be a crucial for maintaining rapid cell division in the 
presence DNA replication blocking damages. 
To determine the role of PCNA-ub in larval developmental stages and assess the effect of UV 
damages on the progression of C. elegans larval development from L1 to L4, the wildtype N2, 
hus-1 (op241), and pcn-1 (K165R) worms were synchronized to the L1 stage and immediately 
exposed to 20 J/m2 UV irradiation. Interestingly, a partially but considerably larval arrest 
appeared in pcn-1(K165R):hus-1(op241) double mutant even without treatment to induce 
replication blockage, but this phenotype was not observed in either of the single mutants. As the 
cell number does not changes after LI stage of C. elegans, the checkpoint is not expected to be 
functional at this stage. However, following continuous DNA synthesis and nuclear division 
results in polyploidy during larval development. Altogether, damage bypass but not checkpoint 
found to be important for larval development in the presence of UV damage. In contrast, during 
unperturbed condition, PCNA-ub and checkpoint activation play complimentary roles to maintain 
normal development in C. elegans. 
Given that the defect on PCNA-ub leads to considerably UV sensitive phenotypes in mitotic 
phases and larval developmental stages, I next investigated meiosis phases in worms deficient for 
PCNA-ub. Results show embryos early lethal at first 6 hours which zygote to early diakinesis 
were damaged. While UV damaged pachytene cells that processing meiosis I matured to the 
embryo at 6 to 12 hours. In addition, consistent with high levels of embryonic lethality due 
UV-induced damage, pcn-1 (K165R) mutants display an array of chromosomal abnormalities 
such as poorly condensed chromosomes, integrated chromosomes and univalents (7-12 stained 
bodies). These results indicate that PCNA-ub contributes to maintaining chromosome stability 
during meiosis. As a hypothesis, I reason that the chromosomal defect arise from the failure of 
cross-over induced spontaneous DSB repair in meiosis I stages. 
As a conclusion, in C. elegans, the PCNA-ub dependent DNA damage tolerance pathway is 
functionalised during all developmental stages in the presence of DNA synthesis blocking 
damage. Furthermore, these pathways cooperate with checkpoint system may maintain genome 
stability during post-mitotic processes in unperturbed condition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
論文審査結果の要旨 
 
現在まで，多細胞生物においては，ＤＮＡ損傷バイパス機構が，発生段階のどのような
時期に機能するかは明らかになっておらず，邵震華君は，線虫 C.elegansを材料として，Ｄ
ＮＡ損傷バイパス機構の個体発生における役割を明らかにする研究を実施しました．彼は，
ＤＮＡ損傷バイパス機構を誘導するシグナルとなる複製クランプ PCNAのユビキチン化に
着目し，そのユビキチン化が受けるリジン残基（PCNA-K165）に変異を導入することのよ
り，ＤＮＡ損傷バイパスが機能しない変異線虫株を樹立しました．その株を使用して，発
生過程における体細胞分裂期，減数分裂期でのＤＮＡ損傷バイパスの役割を解析しました． 
彼は，ＤＮＡ複製が盛んに起きる初期胚，および，核分裂が伴う幼生期において，紫外
線照射によって生じたＤＮＡ損傷によるＤＮＡ複製阻害を減弱するために，ＤＮＡ複製パ
イパスが重要な役割を果たすことを示しました．加えて，紫外線照射後，卵形成過程の減
数分裂を観察することにより，損傷バイパス機構が次の世代伝わる染色体構造を適切に維
持するために必要であることを発見しました． 
これらの結果から，彼は，線虫の発生過程において，ＤＮＡ損傷バイパス機構と適切な
ＤＮＡ修復に必要なＤＮＡ損傷チェックポイント応答が相補的に機能する可能性に着目し
ました．その点を明らかにするために，両者の機能が低下した二重変異株（pcn1-K165R 
hus1）を作成し，解析を行いました．その結果，この二重変異株では，紫外線照射後など
の処理を行わずとも，減数分裂期の染色体形成に異常が生じ，正常な卵形成が行えないこ
とと示しました．これは，ＤＮＡ損傷バイパスが常に発生過程をメンテンナンスすること
を示す重要な結果です． 
邵震華君によって行われた線虫によるＤＮＡ損傷バイパス機構の研究は，多細胞生物の
個体発生におけるＤＮＡ損傷バイパス機構の機能を明らかにしたことに加えて，線虫が今
後，多細胞生物でのＤＮＡ損傷バイパス・ＤＮＡ修復の意義を明らかにする上で有用なモ
デルであることを示しました． 
以上のことから，邵震華君は自立して研究活動を行うに必要な高度の研究能力と学識を
有することを示しています．したがって，邵震華提出の論文は，博士（生命科学）の博士
論文として合格と認めます． 
 
